We model-independently analyze the angular distributions ofB → Kll decays, l = e, µ, for low dilepton mass using QCD factorization. Besides the decay rate, we study the forward-backward asymmetry A l FB and a further observable, F l H , which gives rise to a flat term in the angular distribution. We find that in the Standard Model F l H ∝ m 2 l , hence vanishing F e H and F µ H of around 2% (exact value depends on cuts) with a very small theoretical uncertainty of a few percent. We also give predictions for R K , the ratio of B → Kμµ toB → Kēe decay rates. We analytically show using large recoil symmetry relations that in the Standard Model R K equals one up to lepton mass corrections of the order 10 −4 including α s and subleading 1/E power corrections. The New Physics reach of the observables from theB → Kll angular analysis is explored together with R K and thē B s →ll andB → X sl l branching ratios for both l = e and l = µ. We find substantial room for signals from (pseudo-) scalar and tensor interactions beyond the Standard Model. Experimental investigations of theB → Kμµ angular distributions are suitable for the LHC environment and high luminosity B factories, where also studies of the electron modes are promising.
Introduction
The exclusive decaysB → Kll with l = e, µ are governed in the Standard Model (SM) by flavor-changing neutral currents, and hence constitute sensitive probes of New Physics (NP). The three-body decays allow to study non-trivial observables by kinematical measurements of the decay products. They give access to a double differential decay spectrum with respect to the invariant mass of the lepton pair q 2 and a lepton charge asymmetry angle cos θ. In the absence of large statistics, partially integrated spectra such as the dilepton mass spectrum dΓ l /dq 2 or the angular distribution dΓ l /dcos θ can be explored. Further Γ l ≡ Γ(B → Kll) is in general different for electrons and muons. Having various theoretical or experimental advantages, theB → Kll observables cover a wide range of SM tests and NP searches, that are well suited for experimental study at high luminosity facilities at the Υ(4S) and the Large Hadron Collider (LHC), e.g., [1] .
TheB → Kll branching ratio has been determined experimentally to be in agreement with the SM within uncertainties, and lies in the 10 −7 region [2, 3, 4, 5, 6] . Early data on more elaborate observables and q 2 -spectra are beginning to come from the B factories [2, 3, 4] . While theoretical studies presented extensive phenomenological analyses of the dilepton mass distribution [6, 7] , a detailed exploration of the SM background and NP potential of the angular dependence in the decay distribution is lacking. TheB → Kll angular distribution is very simple in the SM [6, 7] with a flat term F l H /2 and a linear term in cos θ, the forward-backward asymmetry A l FB . Both are small within the SM, and therefore can signal the presence of NP. In particular they can be affected by Higgs and tensor interactions. Note that in the limit of vanishing lepton masses the SM predicts the same rates for electrons and muons Γ e SM = Γ µ SM + O(m 2 µ ) if the same kinematical cuts are used [8] .
In this paper we analyze the angular distributions ofB → Kll decays. We explicitly quantify the corrections to (1.1) within the SM and study model-independently the effects of (sb)(ll) operators induced by physics beyond the SM on (1.2). We use the framework of QCD factorization (QCDF) valid in the low-q 2 region [9, 10] and exploit the symmetries of QCD in the large recoil limit of heavy-to-light transitions [11, 12] . Also, resonance contributions fromB → K(cc) → Kll can be controlled for dilepton masses below the charm threshold.
The plan of the paper is as follows: After setting up the effective weak Hamiltonian in Section 2 hadronic matrix elements are given in Section 3. Section 4 contains modelindependent formulae of the double differential and angular decay distributions. We give numerical predictions for the SM in Section 5 including a detailed discussion of uncertainties. We also derive analytical expressions for Γ l and F l H obtained in the large recoil limit. In Section 6 we work out the sensitivity of theB → Kll angular distributions to NP in correlation with other observables in b → sll decays. We summarize in Section 7. Technical details about form factors and form factor symmetry relations in the low-q 2 region are given in Appendix A, whereas details on theB → Kll hadronic matrix element in QCDF can be found in Appendix B.
The Effective Hamiltonian
The ∆B = 1 effective Hamiltonian
is given in terms of dimension six operators O i and their respective Wilson coefficients C i . Both depend on the renormalization scale µ, for which we take a low energy scale µ b of the order of the b-quark mass when evaluating B-physics amplitudes. In (2.1) the leading CKM elements V lm are factored out. The sum over i comprises the current-current operators i = 1, 2, the QCD-penguin operators i = 3, 4, 5, 6, the photon and gluon dipole operators i = 7, 8 and the semileptonic operators i = 9, 10. They are defined as
where P R/L = (1 ± γ 5 )/2 denote chiral projectors and m b (µ) the MS b-quark mass at the scale µ. For the operators O i with i = 1, . . . , 6 we use the definitions given in [13] , also used by [9, 10] . This set of operators suffices to describe b → sll induced processes in the SM, which are dominated by C 7 , C 9 and C 10 , whereas C 8 enters at higher order in the strong coupling.
Beyond the SM, NP might contribute in various ways. Assuming that NP manifests itself at and above the electroweak scale, it can be model-independently analyzed in the effective theory framework by allowing for NP contributions to the Wilson coefficients of the SM operators and by additional operators not present in the SM. To account also for the latter we include the most general b → s (pseudo-) scalar and tensor operators with dileptons into our analysis: where we made the dependence on the lepton flavor explicit by the superscript l. Note that there are only two independent tensor operators in four dimensions. At higher order also 4-quark operators with scalar, pseudoscalar and tensorial structure contribute to rare radiative and semileptonic decays [8, 14] . Here we neglect these effects. The additional NP operators (2.3) mix under QCD only with themselves. Their 1-loop anomalous dimensions
In our NP analyses all Wilson coefficients are taken at the low scale µ b .
The Hadronic Matrix Element at Large Recoil
A systematic treatment of the matrix element
is available in the large recoil region. We denote by p B , p K , p − and p + the 4-momenta of theB-meson, kaon, lepton l and antileptonl, respectively, and M B , M K and m l are the corresponding masses. At large recoil the energy E of the K-meson is large compared to the typical size of hadronic binding energies Λ QCD ≪ E and the dilepton invariant mass squared
Consequently, in this region the virtual photon exchange between the hadronic part and the dilepton pair and hard gluon scattering can be treated in an expansion in 1/E using either QCDF or Soft Collinear Effective Theory (SCET) [15] . Furthermore, only one soft form factor ξ P (q 2 ) appears in theB → K heavy-to-light decay amplitude due to symmetry relations in the large energy limit of QCD [11, 12] . Other nonperturbative objects present are the light-cone distribution amplitudes (LCDAs) of theB-and K-mesons, leading to numerically smaller contributions. This framework has been previously applied toB → K * l l decays using QCDF [9, 10] or SCET [16] . In this work we use the results from QCDF valid at low q 2 [9, 10] and include effects of finite lepton masses inB → Kll decays.
TheB → Kll matrix element can be written as
Here, θ denotes the angle between the direction of motion of theB and the negatively charged lepton l in the dilepton center of mass frame, following [7] . Note that this convention differs from other works, e.g., [6] , where θ is defined with respect tol. The functions F i ≡ F i (q 2 ), i = S, P, A, V, T, T 5 are given as
where
and it is useful to note that 2p
Above, we have written the matrix element with the form factor ξ P (q 2 ) = f + (q 2 ) as an overall factor. It constitutes the main source of theoretical uncertainties. The form factor ratios f 0 /f + and f T /f + are constrained by symmetry relations at large recoil [11, 12] , which are given in Appendix A together with definitions of the form factors and a discussion of their uncertainties. The quantity T P (q 2 ) appearing in the vector coupling to leptons, F V , takes into account virtual one-photon exchange between the hadrons and the lepton pair and hard scattering contributions. T P (q 2 ) can be extracted from [9] and is given in Appendix B. At lowest order (denoted by the superscript (0) ) up to numerically small annihilation contributions, it reads as
Hence, T P (q 2 ) takes care of the contributions from the O 1,...,6 matrix elements ∝ Y (q 2 ) that are commonly included in an effective coefficient of the operator O 9 [17] . The nextto leading α s -corrections to T P are known, see Appendix B, and taken into account in our analysis. Here we consider only NP effects from the NP operators (2.3), that is, their respective coefficients as appearing in (3.2) being non-zero, and T P is SM-like. The b-quark mass in T P and F V is the potential subtracted (PS) mass m PS b (µ f ) at the factorization scale µ f ∼ Λ QCD m b and is denoted by m b throughout the paper. The b-quark mass factors in F S and F P stem from the equations of motion, and we take them in the PS scheme as well. In the evaluation of the function Y (q 2 ) we use the pole mass m pole b [9] . The relation to the PS mass is given as m [18] . The SM Wilson coefficients C 9 and C 10 are taken in NNLL approximation [13, 19] . The remaining SM Wilson coefficients C 1,...,6 and C 7,8 with their effective counterparts C eff 7,8 enter only through T P . For details see Appendix B and [9] . Note that chirality flipped operators O ′ 7,9,10 can be readily included in the matrix element ofB → Kll decays by replacing C 9,10 → C 9,10 + C ′ 9,10 in (3.2) and
Decay Distributions ofB → Kll
Based on the matrix element (3.1) the double differential decay rate with respect to q 2 and cos θ with lepton flavor l reads as
(4.5)
These relations simplify considerably in the SM, where b SM l (q 2 ) = 0 and in the limit m l → 0 further holds a SM l (q 2 ) = −c SM l (q 2 ). With (4.1) at hand the angular distribution
is given in terms of the q 2 -integrated coefficients
Their values depend on the cuts in q 2 . We recall that while the boundaries of the phase space allow for dilepton masses in the range 4m 2 l < q 2 ≤ (M B − M K ) 2 , our calculation is valid only in the low-q 2 region. Note that for very low dilepton masses there is sensitivity to light resonances. We therefore restrict our analysis to 1 GeV
The decay rate Γ l and the integrated and normalized forward-backward asymmetry A l FB of the lepton pair can be expressed in terms of A l , B l and C l
We further introduce the observable
With (4.8) and (4.9), the angular distribution (4.6) is equivalent to (1.2) presented in the Introduction. Since F l H is normalized to Γ l , we expect reduced uncertainties in the former compared to the latter due to cancellations between numerator and denominator. As already anticipated after (4.5) within the SM a cancellation takes place in (4.9) between a l and c l such that F l SM H vanishes in the limit m l → 0. We discuss this in detail in the next section. From here follows the approximate ∝ sin 2 θ angular dependence ofB → Kll decays in the SM as in (1.1).
We would like to comment on the possibility of corrections to (1.2) or (4.6) from higher powers of cos θ, that is, a polynomial dependence in the angular distribution on cos n θ with n > 2. Higher angular momenta arise from higher (> 6) dimensional operators in the weak Hamiltonian (2.1) or from QED corrections. Hence, they are suppressed by powers of external low energy momenta or masses over the electroweak scale, and α e /4π, respectively. We discuss such corrections further at the end of Section 5 in the context of a non-vanishing forward-backward asymmetry inB → Kll in the SM.
A further useful observable inB → Kll decays is R K , the ratio ofB → Kμµ tō B → Kēe decay rates with the same q 2 cuts [8]
which probes lepton flavor dependent effects in and beyond the SM. We find that F l H and R K are model-independently related
The expression for ∆ simplifies in models where chiral couplings to electrons can be neglected as, for example, in the SM with m e = 0. Then F e H = 0 and Γ e = −4/3C e and in the SM ∆ SM ∝ m 2 µ . We carefully examine SM predictions for Γ l , F µ H and R K in Section 5 and work out the NP potential of R K , F l H and A l FB in Section 6. Corresponding values for ∆ can be obtained by means of (4.11).
Standard Model Predictions
In this section we analyzeB → Kll decays within the SM. We give predictions for the observables F l H , R K and Γ l and the corresponding branching ratios B l ≡ B(B → Kll) for low dilepton mass. Higher order SM contributions to the forward-backward asymmetry A l FB are briefly discussed. We start with a general analysis of lepton flavor dependence in theB → Kll decay rate Γ l . In the SM, such effects are of purely kinematical origin and often negligible [8] . At large recoil, the suppression of the lepton mass induced terms can be quantified analytically using form factor symmetry relations (A.3). For low q 2 , Γ l can then be written as
where the m 4 l correction has been obtained from explicit expansion of the coefficients a l (4.2) and c l (4.4) in m l . (A useful relation is given in (A.4) .) Due to a cancellation with the kinematical function β l there are no terms of order m 2 l up to symmetry breaking corrections, which are estimated in the second correction term in (5.1). Form factor relations are broken in general by α s -corrections and power corrections in Λ QCD /E, as discussed in more detail in Appendix A. As can be seen, these receive here further strong suppression from m 2 l /M 2 B . Note that consistent with the Λ QCD /E expansion we neglected terms of order
and we approximated in the symmetry breaking correction contribution in (5.1) λ ≈ M 4 B , thereby dropping terms suppressed by q 2 /M 2 B . We conclude from (5.1) that lepton mass effects in the SMB → Kll decay rate at low q 2 are of order m 4 µ /q 4 ∼ 10 −4 for muons and even further down by m 2 e /m 2 µ ≃ 2 · 10 −5 for electrons, hence negligible in agreement with earlier numerical findings covering the whole dilepton mass region [8] . To leading order in m l , the decay rate depends then only on |F V | and |F A |. The function F A equals the Wilson coefficient C SM 10 ∼ −4 with tiny dependence on the low scale µ b . F V is a sum of C SM 9 ∼ +4 and a term containing T P . The latter is subject to unknown higher order power corrections. However, the typical order of magnitude of |T P (q 2 )| ∼ 0.1 implies that these corrections constitute a rather small contribution to F V and the corresponding uncertainties are very small compared to the dominating one from the overall form factor ξ P .
The numerical analysis of Γ l confirms the discussed qualitative features. The main uncertainties are due to the form factor ξ P , the CKM matrix element V ts and the renormalization scale µ b . For the form factor ξ P (q 2 ) we use the findings from Light Cone Sum Rules (LCSR) [26] . At low dilepton mass, the form factor has an uncertainty between (12 − 16)%, with smaller uncertainty for larger q 2 , for details see Appendix A. Our numerical input is given in Table 1 . We find that the µ b -dependence of the decay rate is rather small, about a few percent, as can be seen from Figure 1 (left-hand plot). Here the coefficients a µ (q 2 ) and, to enable easier comparison, −c µ (q 2 ) are shown for µ b between m b /2 and 2m b . The small uncertainty due to µ b is not unexpected because of the inclusion of NNLL corrections to the matrix elements of the current-current operators [27] in T P , which cancels the µ b -dependence of C SM 9 . In the right-hand plot of Figure 1 we show Γ µ for three lower cuts q 2 min = {0.5, 1, 2} GeV 2 as a function of the upper boundary q 2 max . The combined uncertainty from ξ P (q 2 ), µ b and V ts can be as large as 32%. Further subleading sources are the lifetime with 0.7% uncertainty and α e (µ), which enters quadratically and brings in about 6% uncertainty to theB → Kll decay rates. The latter can be reduced by including the higher order electroweak corrections from [28, 29] to the renormalization α s (m Z ) = 0.1176 ± 0.0020 Table 1 : The numerical input used in our analysis. We denote by m b the PS mass at the factorization scale µ f = 2 GeV. We neglect the strange quark mass throughout this work.
group evolution which should capture the leading effect. For a complete higher order electroweak analysis the QED-corrections to theB → Kll matrix element should be calculated.
In the corresponding calculation for inclusiveB → X sl l decays collinear logarithms of order α e /(4π) · log(m l /m b ) arise for low dilepton mass cuts [29] . The resulting splitting between electron and muon final states, however, diminishes after experimental cuts which separate electrons from energetic collinear photons. How much this matters for Γ e and Γ µ and R K cannot be answered until these QED-corrections are calculated. The uncertainties in Γ l from the charm, bottom and top mass are 2%, 0.4% and 2%, respectively. In Table 2 predictions for the SM branching ratios of B − → K −μ µ andB 0 → K 0μ µ decays are given including the uncertainties from ξ P (q 2 ), V ts and µ b added in quadrature. The relative errors due to ξ P and µ b are given also separately. Lepton mass effects are negligible in Γ l and B l , and the decay rates and branching ratios with electrons agree within uncertainties with the corresponding ones with muons. The splitting of (9.5−9.7)% between the branching ratios of the B − andB 0 mesons is dominated by the lifetime difference, but there is also a small isospin breaking contribution from spectator effects residing in T P .
In view of the insensitivity of Γ l SM to lepton mass effects for l = e, µ and with regard to its large form factor uncertainty it was proposed in [8] to investigate the ratio Γ µ /Γ e , i.e., R K (4.10). Our numerical analysis confirms a cancellation of the hadronic uncertainties in R K also for low dilepton mass as can be seen in Figure 2 . Here we show R K for different cuts q 2 min = {0.5, 1, 2} GeV 2 versus q 2 max . The combined uncertainty due to the form factor ξ P (q 2 ) and the renormalization scale µ b is given by the bands and is tiny. This can be seen also from Table 2 . The µ b and ξ P (q 2 ) induced uncertainties in R K are of comparable size, of the order 10 −4 . The deviation of R SM K from 1 is mainly due to the inclusion of effects of O m 4 µ /q 4 ∼ 10 −4 given in (5.1). Any measured deviation of R K from 1 thus will signal NP which does not contribute equally to Γ µ and Γ e as, for example, in the presence of non-universal lepton couplings.
Similar to R K also the angular observable F l H (4.9) is a ratio, where the overall factor Γ 0 (4.5) drops out and uncertainties can cancel. With the aid of the form factor symmetry relations (A.3) and (A.4) we obtain a simple expression for F l H in the SM at low q 2 :
where the denominator Γ l SM is given in (5.1). From the lepton mass suppression of a l + c l in the numerator of (4.9) follows
is negligible. The cancellation between a µ (q 2 ) and c µ (q 2 ) is also visible from Figure 1 (lefthand plot). Note that the leading term of the integrand in the numerator of (5.2) is the same as the one in the denominator (5.1) except for an additional factor of β l /q 2 ≃ 1/q 2 . We therefore expect large cancellations of uncertainties in the ratio for low q 2 . This concerns the ones from the form factor, the renormalization scale, V ts and unknown subleading 1/E corrections in T P .
As expected the SM values of F µ H are rather small, i.e., at the percent level, with the exact value depending on cuts. This can be seen from Table 2 . Within uncertainties, the predictions for B − → K −l l andB 0 → K 0l l decays are the same.
Indeed our numerical analysis of F µ H exhibits strong cancellations of uncertainties. The form factor ξ P and µ b induce uncertainties of comparable sizes of order one percent, see Table 2 . The combined uncertainty from ξ P (q 2 ) and µ b is indicated by the small bands in Figure 3 and result in an 2% uncertainty, see also Table 2 . Power counting suggests an additional uncertainty from form factor symmetry breaking of order q 4 /M 4 B Λ QCD /E ∼ 3% in F µ H . We also allow for subleading power corrections to the hard scattering contributions at the order q 2 /M 2 B α s Λ QCD /E ∼ 3%, see Appendix A. Taking all this into account, F µ H can be predicted with an accuracy of ∼ O(6%) in the SM, which is a high precision for an observable in exclusive B-decays. Due to its huge suppression from m 2 e , F e H is a null test of the SM. Comparing our SM predictions for R K and F µ H , the former is known even more precisely due to the cancellation of the O(m 2 l )-terms at leading order in α s and 1/E and the stronger suppression of the symmetry relation breaking corrections in Γ l (5.1) compared to the ones in (5.2). In order for the relation (4.11) to hold, ∆ SM must be equal to −F µ SM H at the level of 10 −4 . As already mentioned in Section 4, operators in the effective theory of dimension higher than six or QED corrections induce additional contributions to theB → Kll decay amplitude, which can modify the angular distributions. As for the higher dimensional operators, in the SM they are, for example, generated at one-loop by the Higgs penguin and the box with one charged pseudo Goldstone-and one W -boson [30] . Contributions to scalar and pseudoscalar operators arise then at the order Higher order α e -corrections to exclusiveB → Kll decays have not been considered so far. Besides reducing the uncertainty from the overall α e (µ) in the decay amplitude, radiative corrections can distort the decay distributions at the level of α e /(4π). The generation of an interesting cos θ-behavior from QED has been demonstrated for K → πēe decays. Radiative corrections via K → πγγ enter theēγ µ e-form factor in the matrix element, e.g., [31] , which can be parametrized in our notation as F V → F V + α e /(4π) cos θF V , see (3.1). Note that F V ,F V are functions of q 2 only. The extra power of cos θ implies not only a non-zero
and a suppressed cos 4 θ-term of order (α e /(4π)F V ) 2 in the angular distributions. Unless the unknown correction factorF V is significantly enhanced (≫ 1), it is unlikely that α e -corrections have observable consequences inB → Kll decays.
Beyond the Standard Model
In the first part of this section we perform a model-independent analysis ofB → Kll decays for l = e and l = µ. The size of the deviations from the SM in the observables F l H , R K and A l FB due to the NP operators (2.3) is estimated. We show this for four benchmark scenarios in Section 6.1 to Section 6.4. The second part of this section, Section 6.5, contains a brief discussion of models with (pseudo-) scalar and tensor operators. All NP Wilson coefficients are assumed to be real and are understood to be at the low scale µ b , i.e., here C l i = C l i (µ b ). Leading logarithmic renormalization group evolution to the electroweak scale can be done with the anomalous dimensions given in (2.4).
We start with some general considerations about the dependence of theB → Kll observables on the NP Wilson coefficients. Up to corrections of order m 3 l we find for the branching ratio
and the numerator of the normalized forward-backward asymmetry (4.8)
Here, we integrated over the dilepton mass region 1 GeV 2 < q 2 ≤ 7 GeV 2 and used the central values of the input parameters given in Table 1 . Then F l H is given by the ratio of (6.2) and (6.1), R K by the ratio of (6.1) for l = µ and l = e and A l FB by the ratio of (6.3) and (6.1), respectively. The contributions of the chirality flipped operators O l′ S,P can be included by the replacement C l S,P → C l S,P + C l′ S,P . As can be seen from (6.1), theB → Kll branching ratio is not very sensitive to NP effects from scalar and tensor operators due to the small coefficients in front of the NP couplings with respect to the large SM contribution. Moreover, the SM uncertainties of B l will hide NP unless the Wilson coefficients become large, C l NP i 1. This actually can happen in some NP scenarios as we will show, in particular, in the decays into electrons, where the current experimental constraints are looser than the ones for the muons. Due to its tiny theory uncertainty the ratio R K is a much more powerful probe of NP than thē B → Kll branching ratios. Especially the terms at zeroth order in the lepton mass but also the ones linear in m µ can significantly modify R K − 1 with respect to its negligible SM value. The angular observables F l H (6.2) and A l FB (6.3) share several features with R K − 1: They have a small and clean SM prediction and the sensitivity to tensor operators is higher than to scalar and pseudoscalar ones. Note that the dependence of B l and F l H on the (pseudo-) scalar Wilson coefficients is the same and that the leading term in the leptonmass expansion of A l FB requires the presence of both (pseudo-) scalar and tensor operators. Note also that R K can be affected independently by NP inB → Kēe andB → Kμµ decays.
The available experimental information on F l H , R K − 1 and A l FB including SM predictions is given in Table 3 together with other related b → sll decay observables. The data on R K include large dilepton masses where QCDF is not applicable and the ones on F l H and A l FB are in addition lepton flavor averaged. We do not take these constraints into account since they cannot be applied in a straightforward way besides having sizeable uncertainties.
Important constraints on NP come from B(B s →ll), which can be written as
TheB s →ll branching ratios depend on the difference of Wilson coefficients (C l S,P − C l′ S,P ). It follows that constraints from (6.4) can be evaded in the presence of both unprimed and primed (pseudo-) scalar Wilson coefficients unless there is a complementary constraint observable sensitive to SM value data
O(α e /(4π)) 0.15 such as on (C l S,P + C l′ S,P ) fromB → Kll decays [8] . Tensor operators do not contribute toB s →ll decays and hence C l T,T 5 are not constrained by these decays. The current 90% C.L. upper bound on B(B s →ll) for l = µ comes from CDF and DØ [5] 1 and for electrons from L3 [33] . The experimental information can be seen in Table 3 together with the SM predictions obtained with the input from Table 1. The bound on B(B s →μµ) is O (20) away from the SM, and the one for electrons is nine orders of magnitude above the SM. As we show in Section 6.1, the current B(B s →ēe) constraint is nevertheless on the verge of being useful, since NP in C l(′) S,P does not enter theB s →ll modes with m l -suppression as the SM contribution, see (6.4).
We further take into account the measurements of the branching ratios of the inclusivē B → X sē e andB → X sμ µ decays for q 2 > 0.04 GeV 2 denoted by B incl l | [>0.04] . The corresponding experimental values [20, 34] can be seen in Table 3 with SM predictions from [6] . The q 2 -cut dependentB → X sl l branching ratios with (pseudo-) scalar and tensor interactions can be written as (see, e.g., [35] )
and
1 A stronger bound has been reported from a combined CDF and DØ analysis at 95% C.L., B(Bs →μµ) <
Here we neglect kinematical factors of m s and m l in the NP part and evaluate (6.6) and (6.7) with a b-quark mass of 4.8 GeV, corresponding to the pole mass in accordance with [6] . The functions f (m c /m b ) and κ(m c /m b ) represent the phase space function and QCD corrections of the decayB → X c lν l , respectively, and can be seen in [35] . Since M S,T > 0, NP from (pseudo-) scalar and tensor contributions enhances theB → X sl l branching ratios, and only the upper boundary of the experimental value of B(B → X sl l) becomes a constraint on the corresponding Wilson coefficients. Also, since M T ≫ M S , the inclusive branching ratios are more sensitive to tensor than scalar and pseudoscalar operators. Numerically, for 0.04 GeV 2 < q 2 ≤ m 2 b we obtain M S = 1.92 · 10 −8 and M T = 1.84 · 10 −6 . In our NP analysis we also predict B incl l | [1, 6] for l = e, µ using B incl e | [1, 6] ,SM = (1.64 ± 0.11) · 10 −6 and B incl µ | [1, 6] ,SM = (1.59 ± 0.11) · 10 −6 [29] . These values are close to the experimental world average B incl l | [1, 6] ,exp = (1.60 ± 0.51) · 10 −6 [34] which is lepton flavor averaged and we therefore do not consider it as a constraint. However, we use this to illustrate the physics potential of future lepton flavor specific B incl e | [1, 6] and B incl µ | [1, 6] measurements. The M S,T -coefficients for this low dilepton mass region 1 GeV 2 < q 2 ≤ 6 GeV Given the existing experimental constraints we cannot perform at present a fully modelindependent analysis and fit for the six real NP Wilson coefficients per lepton species. Instead, we entertain in the following four benchmark scenarios with (pseudo-) scalar operators (Scenario I-III) and the tensor operators (Scenario IV) defined as: -Scenario I: NP in C l S and C l P , all other NP contributions vanish.
-Scenario II: Same as Scenario I, but with the additional assumptions C l S = −C l P and C l ∝ m l .
-Scenario III: NP in C l S , C l P and C l′ S , C l′ P , the tensor coefficients C l T,T 5 vanish.
-Scenario IV: NP in the tensor coefficients C l T , C l T 5 , all other NP contributions vanish.
Scenario II is inspired by the Minimal Supersymmetric Standard Model (MSSM) for large values of tan β, where tan β denotes the ratio of the two Higgs vacuum expectation values, see also Section 6.5. AllB → Kll observables are obtained for 1 GeV 2 < q 2 ≤ 7 GeV 2 . We employ all bounds at 90% C.L. The resulting allowed ranges of the NP Wilson coefficients and the b → sll decay observables are summarized in Table 4 and Table 5 , respectively. Since the current experimental errors dominate the uncertainties, in the following we do not take into account SM uncertainties. Their inclusion would allow for slightly bigger NP effects. Table 3 . A "−" means that the corresponding coefficient is zero in this NP scenario. Table 3 can be seen in Table 4 . The corresponding ranges of the observables are presented in Table 5 . As can be seen, F µ H can deviate from the SM by about 40% whereas the forward-backward asymmetry is less then 1% in agreement with and updating earlier findings [7] . The deviation of the branching ratio B µ from the SM is less than 2% and completely negligible in view of the theoretical uncertainties. Also the NP contributions to B incl µ | [1, 6] and B incl µ | [>0.04] are small compared to the theoretical uncertainties.
C.L. B(B s →μµ) upper bound given in
The situation for the electrons is different due to the weaker bound from B(B s →ēe) such that B incl e | [>0.04] gives the strongest constraint on C e S,P . In the right-hand plot of Figure  4 contours in the C e S − C e P plane are shown for B incl e | [>0.04] < {4.5, 5.0, 6.0, 6.8, 8.0} · 10 −6 and B(B s →ēe) < {0.1, 0.5, 1.0} · 10 −5 . The latter illustrates the constraints of improved measurements of B(B s →ēe). We encounter the large ranges of C e S,P given in Table 4 allowed by B incl e | [>0.04] < 6.8 · 10 −6 at 90% C.L., see Table 3 . The corresponding ranges for the decay observables for l = e are presented in Table 5 . As one can see, F e H can be enhanced by orders of magnitude compared to its negligible SM value. Furthermore, F e H is strongly correlated to B e , R K (see (6.1) and (6.2)) and B incl e | [1, 6] . The observables F e H , B e and B incl e | [1, 6] increase for increasing |C e S,P | whereas R K decreases. We show B e versus F e H (left-hand plot) and R K versus F e H (right-hand plot) in Figure 5 . The branching ratio B e can be enhanced by about 60% with respect to its SM value. B incl e | [1, 6] exhibits a similar enhancement but is subject to smaller theoretical uncertainties. The forward-backward asymmetry A e FB is negligibly small.
The observable R K depends on both lepton channels l = e, µ. In Scenario I the denominator B e receives large NP contributions whereas the numerator B µ stays close to its SM value due to the strong constraint fromB s →μµ. This leads to a substantial decrease of R K with respect to the SM as can be seen in Table 5 and also in the right-hand plot of Figure 5 . Table 3 and the text for details. A "−" means that the corresponding observable is SM-like. tan β), see also Section 6.5. In this model, the (pseudo-) scalar Wilson coefficients are proportional to the lepton mass C l S,P ∼ m l , such that C e S,P can be neglected and b → sēe decays are SM-like. Furthermore the relation C The allowed range of C µ S and the effects of NP on the rare decay observables are given in Table 4 and Table 5 , respectively. Since Scenario II is a constrained variant of Scenario I the deviations from the SM are smaller in the former. The NP contributions to F µ H do not exceed 30% whereas the deviations of B µ from the SM are of the order of 2%, much smaller than the theoretical uncertainties. The same holds for B incl µ | [1, 6] , which confirms earlier studies within the MSSM [36] . Since B e is SM-like in Scenario II, the deviation of R K from the SM is much reduced with respect to the one in Scenario I. We find NP effects of 1%, which are larger than the uncertainties of the SM prediction. The forward-backward asymmetry is smaller then 1% in agreement with previous works in the framework of the MSSM [37] .
6.3 Scenario III: Scalars C l S , C l P and C l′ S , C l′ P In Scenario III we use the full set of (pseudo-) scalar Wilson coefficients including the chirality flipped ones C l′ S,P for l = e and l = µ. The constraint from theB s →ll branching ratios alone can be evaded due to cancellations between C l S,P and C l′ S,P , see (6.4) . To obtain constraints on C l(′) S,P we combine B(B s →ll) with B incl l | [>0.04] data. We find the allowed ranges for the Wilson coefficients given in Table 4 . In the electron sector C e S,P can be as big as in Scenario I with identical ranges for C e′ S,P . In the muon sector the Wilson coefficients C µ(′) S,P are now comparable in magnitude to the ones for electrons. The large Wilson coefficients lead to big NP effects in the rare decay observables, see Table 5 . In Scenario III R K can both increase and decrease significantly with respect to the SM as opposed to Scenario I where B(B s →μµ) permits only a large decrease of R K . The substantial deviations of R K from the SM are already challenged by existing data given in Table 3 . However, as already stressed, since these data contain also large-q 2 events where QCDF is not applicable it is not clear how to impose these constraints in a well-defined way.
The increase of both F µ H and R K for increasing values of B incl µ | [1, 6] can be seen in the lefthand plot of Figure 6 , where contours of B incl µ | [1, 6] < {1.75, 2.0, 2.17} · 10 −6 are shown. Similarly, the increase of F e H and decrease of R K for increasing values of B incl e | [1, 6] is displayed in the right-hand plot of Figure 6 with contours of B incl e | [1, 6] < {1.75, 2.0, 2.25, 2.35} · 10 −6 . The NP contributions enhance both B e and B µ by order 200% above the SM such that measurements of these observables in the low-q 2 region could provide constraints regardless of the large form factor uncertainties. Scenario III allows for |A µ FB | (4 − 5)% whereas A e FB is negligibly small.
Scenario IV: Tensors
In Scenario IV we consider only NP in C l T,T 5 . These Wilson coefficients do not contribute toB s →ll decays and hence are currently constrained only by inclusiveB → X sl l decays (6.5). The corresponding bounds can be seen in the left-hand plot of Figure 7 Table 4 using the 90% C.L. constraints B incl e | [>0.04] < 6.8 · 10 −6 and B incl e | [>0.04] < 6.3 · 10 −6 , see Table 3 . As anticipated after (6.7), B incl l | [>0.04] constrains C l T,T 5 stronger than C l(′) S,P . The NP effects in F e H and F µ H are huge with respect to the SM predictions as can be seen in Table 5 . F l H increases for increasing B incl l | [1, 6] . This correlation is shown in the right-hand plot of Figure 7 for contours of B incl µ | [1, 6] < {1.75, 2.0, 2.25, 2.56} · 10 −6 in the F µ H − R K plane. Similar correlations hold for the electron sector. R K receives order 10% corrections from NP which are well above the theoretical uncertainties. The branching ratios B l are subject to NP contributions +10%, which cannot be separated from the larger form factor induced uncertainties. On the other hand, the NP enhancements due to C l T,T 5 in B incl l | [1, 6] are larger, about 70%, which makes the inclusive decays a sensitive probe of tensor operators. As in all other Scenarios I-III A e FB is negligibly small. |A µ FB | does not exceed 3%.
Models with Scalar and Tensor Interactions
While there are several known models beyond the SM with large (pseudo-) scalar interactions, tensor operators are often neglected. Let us begin with some general remarks on the origin of b → sll tensor operators in the SM and the MSSM: In the SM they arise only at higher order in the electroweak operator product expansion (OPE) from finite external momenta in the matching calculation. In the MSSM tensor operators are induced at leading order OPE only from photino and zino box diagrams, which are, however, subleading in tan β with respect to the Higgs penguins discussed below. Higgsino contributions to tensors are further suppressed by down-type quark and lepton Yukawa couplings [38] . In addition tensors with two leptons are induced by scalar operators under QED renormalization group running, hence are of higher order in α e /(4π) · log(µ/µ b ), e.g., [8, 14] . Another mechanism to generate tensor contributions is to consider models with scalars having appropriate quantum numbers such that tree level exchange induces the operators
. Subsequent fierzing then leads to tensor operators. Among this class of models are those with leptoquarks. We consider such models below after briefly commenting on the MSSM at large tan β and the MSSM with broken R-parity.
For large values of tan β the MSSM produces substantial scalar couplings C l S,P from Higgs penguins, for example, induced by chargino loops 8) for exact Wilson coefficients see [7] . Here, m A 0 denotes the mass of the pseudoscalar Higgs boson. The relation C l S = −C l P holds only at leading order in tan β [7] and prevents the generation of tensor couplings from QED running [8] . The flipped coefficients C l′ S,P are suppressed by the mass of the strange quark. Since C l ∝ m l the couplings to electrons are negligible.
In R-parity violating supersymmetry scalar and pseudoscalar FCNC-operators can be generated at tree level from the superpotential (see, e.g., [39] )
where L L (Q L ) and e R (d R ) denote the superfields containing the lepton (quark) doublet and the charged lepton (down-type quark) singlet, respectively. One gets at the matching scale from sneutrino exchange
Here mν denotes the sneutrino mass and summation over the sneutrino flavor k is understood. Contributions from squark exchange modify only the vector and axial vector type operators and are not shown. The couplings in (6.10) obey C l S = −C l P and C l′ S = +C l′ P . As in the MSSM at large tan β with unbroken R-parity discussed previously, there are no tensor operators generated from leading order matching. The chirality flipped contributions can be sizeable and help to escape the constraint fromB s →ll. The couplings (6.10) are then essentially only constrained by theB → (K ( * ) , X s )ēe andB → (K ( * ) , X s )μµ branching ratios. The size of the possible modification of R K from one is then given by the theoretical and experimental uncertainties of the branching ratios, see also [40] .
The Lagrangian of leptoquarks φ LQ coupling to a lepton and a quark can be written as
where i, j label the lepton and quark generation, respectively. φ LQ can be a scalar or a vector under space-time transformations and a singlet, doublet or triplet under SU (2). Details can be seen, e.g., in [41] , where also contributions to flavor-changing scalar and pseudoscalar operators have been discussed. Here we consider only the contributions to tensor operators, which are induced by tree level scalar leptoquark exchange and fierzing as explained earlier. The SU (2)-properties of the requisite operators require mixing of leptoquarks with different SU (2)-quantum numbers. The latter is induced by interactions with the Higgs boson and arise after electroweak symmetry breaking, see the second reference in [41] . As a result, tensor operators in leptoquark models are suppressed by the vacuum expectation value of the Higgs v =< H 0 >= (2 √ 2G F ) −1/2 over the scalar leptoquark mass m S . Specifically for b → sll transitions this yields the tensor coefficients
(6.12)
Summary
We thoroughly investigated the angular distributions inB → Kll decays in a modelindependent way. We find that the cos θ-dependence in the normalized 1/Γ l dΓ l /dcos θ spectrum, see (1.2), offers great opportunities to test the SM and search for NP. The requisite observables are the flat term in the distribution, F l H /2 and the forward-backward asymmetry A l FB . The coefficient of cos 2 θ is related to F l H . No powers of cos θ greater than two appear in theB → Kll angular distribution up to higher dimensional operators not present in H eff (2.1)-(2.3) and QED corrections. Both are strongly suppressed by powers of the low energy masses and momenta over the scale of electroweak NP and by α e /(4π), respectively.
In the SM, F l H ∝ m 2 l , and F e H is negligible. The SM value for F µ H is small, order few percent, and can be cleanly predicted using QCDF for low dilepton masses with 2% accuracy, see Table 2 . Taking into account subleading 1/E-corrections the uncertainty is conservatively inflated to ∼ 6%. The forward-backward asymmetry vanishes exactly in the SM up to the aforementioned higher order OPE and QED corrections. The α e -corrections induce the parametrically leading contribution of the order α e /(4π).
We also give SM predictions for the B − → K −μ µ andB 0 → K 0μ µ branching ratios. They have a substantial uncertainty of order 32% mostly from the form factor. On the other hand, the SM ratio ofB → Kμµ toB → Kēe decay rates, R SM K , equals one at the level of 10 −4 . We show analytically at large recoil using form factor symmetry relations that the apparent huge suppression of lepton flavor effects in R SM K results from the cancellation of O(m 2 l )-corrections to leading order in 1/E and α s in theB → Kll decay rate, see (5.1). In addition potentially large corrections to R K can arise from collinear QED logarithms, whose actual net effect depends on experimental cuts [29] . The corresponding calculation forB → Kll decays has not been done.
Beyond the SM, the observables F l H , A l FB and R K are sensitive to Higgs and tensor interactions. We work out NP signatures and correlations by taking into account existing data on B(B s →ll) and B(B → X sl l) for l = e and l = µ separately. We find that the NP modifications to the angular observables F e H , F µ H , A µ FB and R K − 1 can be sizeable, see Table 5 . Even larger effects in the forward-backward asymmetries A µ FB and A e FB arise in models where both (pseudo-) scalar and tensor operators are present. From a scan of twelve real NP coefficients C l(′) S,P , C l T,T 5 for l = e and l = µ we find model-independently the upper bounds
Both R K and F µ H enable precision tests of the SM in exclusiveB → Kll decays, but their experimental requirements are different: Whereas R K requires only measurements of decay rates into both electrons and muons, F µ H is extracted from the muon channel alone, however, at the price of an angular analysis. The latter needs high statistics and is well suited for the LHC(b) setup. NP searches with angular distributions inB → Kμµ should also be feasible at the Tevatron, where CDF has recently measured B(B + → K +μ µ) and B(B 0 → K * 0μ µ) [5] .
The experimental situation for the observables F l H , A l FB and R K is currently at a very early stage, see Table 3 . In particular, all measurements average l = e and l = µ final states except the ones of R K [2, 4] . Ultimately all observations in rare semileptonic decays B → Kll,B → K * l l andB → X sl l should be available for each lepton flavor separately since deviations from the SM could be l-dependent. For example, NP in the electron channel could escape theB → Kμµ decay studies completely implying also R K < 1. Existing data on the l = e modes are weaker than the corresponding ones for decays into muons, allowing for larger NP effects in the electron modes. In this way, b → sēe induced channels such as B → Kēe provide unique opportunities for the clean B factory environment. Appropriate cuts in q 2 should be taken into account to maximally exploit the theoretical predictions.
TheB → K matrix elements are parametrized in terms of the three QCD form factors f + , f 0 and f T as [42] 
At leading order in the 1/E expansion f +,0,T (q 2 ) obey symmetry relations [11, 12] such that they all can be related to a single form factor denoted by ξ P (q 2 ). Within QCDF a factorization scheme has been chosen with f + (q 2 ) ≡ ξ P (q 2 ) [12] . Including subleading corrections, the symmetry relations can be written as
up to higher order QCD, power and mixed corrections. The α s -corrections from the softoverlap and hard scattering contributions indicated in (A.3) have been calculated in QCDF and are given in [12] . These corrections are taken into account in the numerical analysis of this work. Analogous relations can be found in the framework of SCET using MS subtractions [15, 43] . The symmetry relation breaking corrections due to subleading orders in the Λ QCD /E expansion have been considered for the soft-overlap part using SCET [44] . The corresponding corrections are indicated in (A.3). Note that the expansion parameter is rather Λ QCD /E than Λ QCD /E, and that for f 0 /f + an additional suppression of q 2 /M 2 B appears. Subleading contributions from hard spectator scattering to (A.3) are unknown and arise at higher order, O(α s Λ QCD /E). The form factor symmetry relations (A.3) imply in the SM forB → Kll decays
which enters a SM l + c SM l , see Section 4. Here, the explicit SM expressions for F V,A,P (3.2) have been used and F P = m lFP has been rescaled. The relation (A.4) involves only the ratio f 0 /f + and results in a beneficial q 2 /M 2 B suppression of the power corrections. Beyond the SM the corresponding expression depends on all functions F i and there are in general no cancellations from symmetry relations.
We employ the form factor f + (q 2 ) = ξ P (q 2 ) from LCSR calculations [26] . It is given in terms of the Gegenbauer moments of the K-meson LCDA, a K 1 , a K 2 and a K 4 as f + (q 2 ) = f as + (q 2 ) + a {0.793, 0.696, 0.590} for {a K 1 , a K 2 , a K 4 }. The relative uncertainty of f + due to the asymptotic form factor f as + (which is independent of the a K i ) at q 2 = 0 is approximately ∆ as /f + (0) = 10%, see Table 2 of [26] . In order to estimate the form factor uncertainty in the low-q 2 region we scan over the Gegenbauer moments according to the ranges in Table 1 translated to µ IR = 2.2 GeV and add the uncertainty from ∆ as in quadrature. The form factor f + (q 2 ) = ξ P (q 2 ) with its uncertainties with and without ∆ as is shown in Figure 8 . The total uncertainty is 16% at maximal recoil and reduces to 12% at q 2 = 7 GeV 2 . The reduction of the relative form factor uncertainty towards larger values of q 2 stems from the increase of the form factor in this region while keeping ∆ as from q 2 = 0. The decrease of the form factor uncertainty for q 2 > 0 has been considered likely in [26] .
B. T P forB → K
The amplitude T P (q 2 ) can be extracted from [9] as Here the shift of the b-quark mass in O 7 from the MS to the PS scheme has been taken into account in C (f)
P . All quantities L, C eff 7 , C (0) , C (nf) and T
,± , T
,± in (B.2) are given in [9] . The expressions for C ,+ given in [10] , respectively, where a different definition of the longitudinal form factor ξ with respect to the one used in previous works [9, 12] is employed.
